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Field of the Invention 
This invention relates generally to semiconductor 
devices having one or more dielectric insulating layers 
5 with a low dielectric constant, and methods for forming 
porous dielectric layers. 

Background 

Semiconductor devices include metal layers that are 
insulated from each other by dielectric layers. As device 

10 features shrink, reducing the distance between the metal 

lines on each layer, capacitance increases. The parasitic 
capacitance may contribute to effects such as RC delay, 
power dissipation, and capacitively coupled signals, also 
known as cross -talk. To address this problem, insulating 

15 materials that have relatively low dielectric constants 

(referred to as low-k dielectrics) are being used in place 
of silicon dioxide (and other materials that have 
relatively high dielectric constants) to form the 
dielectric layer that separates the metal lines. 

20 One way to lower the dielectric constant is to form 

pores in the dielectric material. For example, some 
dielectric materials use thermally activated porogens . 
When heat is applied, the porogen may decompose and/or 
volatilize, leaving pores in the dielectric material. For 
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example, temperatures in the range of about 2 50 degrees C 
to about 450 degrees C, which may be reached in dual 
damascene processing, may be used to thermally activate a 
porogen . 

5 Lower dielectric constants are possible because the 

pores are voids having dielectric constants near one (1) . 
However, porous dielectric materials have several problems 
that make those materials difficult to integrate into 
normal semiconductor processing such as dual damascene 

10 processes. 

Problems with dielectric materials having thermally 
activated porogens include surface roughness after etching, 
non- continuous metal barrier coverage, rough metal barrier 
interfaces, and susceptibility to chemical decomposition or 

15 k-value degradation during dry etch and wet clean 

processes. Surface roughness and poor barrier coverage may 
result in significant resistivity variation, uncontrolled 
copper diffusion, and reduced device reliability. 

Surface roughness due to porosity of the dielectric 

2 0 material is a problem because metal interconnects need 
smooth side walls to maintain low resistance. Surface 
roughness can significantly increase the resistance of 
interconnects for integrated circuit devices dimensioned ' 
lower than 100 nanometers. For theses reasons, integrating 

25 a porous dielectric layer in integrated circuit 
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manufacturing is a problem, especially in dual damascene 
processes . 

What is needed is a dielectric material that may be 
made porous without the problems of surface roughness and 
5 poor barrier coverage. A method of providing a porous 
dielectric material having a low dielectric constant is 
needed for increasingly smaller semiconductor device 
geometries . 



10 Brief Description of the Drawings 

FIG. 1 is a block diagram of a method of forming a 

porous dielectric layer according to one embodiment. 

FIG. 2 is a block diagram of a method of forming a 

porous dielectric layer according to a second embodiment. 
15 FIGS. 3A-3D provide a schematic representation of a 

porous dielectric layer formed on a semiconductor substrate 

in the second embodiment . 

FIG. 4 is a schematic representation of a method of 

forming a porous dielectric layer in the first embodiment . 

2 0 Detailed Description 

In one embodiment, shown in the block diagram of FIG. 
1, a dielectric layer is formed on a substrate, and pores 
are formed in the dielectric by treatment with a solvent 
enhanced by sonication. The dielectric material is not 

25 porous when formed on a substrate. The pores may be formed 
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in the dielectric material after metal interconnects are 
formed in or through openings in the dielectric layer. 

In block 101, an interlayer dielectric (ILD) may be 
formed. The dielectric layer may be a spin-on glass (SOG) 
5 dielectric material such as methylsilsesquioxane (MSSQ) , 
hydros ilsesquioxane (HSSQ) , or other Si0 2 -based matrix. 
Alternatively, the dielectric layer may be a polymer-based 
material, or may be deposited by chemical vapor deposition 
(CVD) or plasma enhanced chemical vapor deposition (PECVD) . 

10 The dielectric layer may be formed over a metal 

conductive layer. Optionally, a barrier layer also may be 
formed between the dielectric layer and metal layer. 
Optionally, a capping layer containing a porogen also may 
be formed over the dielectric layer. 

15 In one embodiment, a porogen is included 'or embedded 

in the interlayer dielectric material. For example, the 
porogen may be a polymer mixed with the dielectric 
material . Various polymers may be used as porogens in 
accordance with various embodiments of the present 

2 0 invention. As will be discussed in more detail below, the 
porogens preferably are not activated or dissolved until 
after metal interconnects are formed in or through the 
interlayer dielectric material . 

In block 102, one or more openings are made in the 

25 dielectric layer by patterning using photolithography 
techniques. The openings may extend partially or 
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completely through the dielectric layer. The opening or 
openings in the dielectric layer may be formed using a dual 
damascene, single damascene, or direct patterning process, 
for example. 

5 In block 103, metal interconnects are formed in the 

openings. The metal interconnects may be copper or other 
metal lines or traces that extend partially or completely 
through the dielectric layer and may contact the underlying 
metal layer. Optionally, formation of the metal 

10 interconnects may include processing steps to polish and/or 
planarize the surface of the device. 

In block 104, according to one embodiment, the porogen 
in the dielectric layer is dissolved and/or desorbed in a 
solvent, enhanced by sonication. Sonication is irradiation 

15 by sound waves to increase the rate of the dissolution or 

desorpt ion reaction. In one embodiment, the porogen may be 
dissolved out of the dielectric layer by immersing the 
dielectric layer (or the entire substrate) in a liquid 
solvent in a sonication bath. The sonication energy 

2 0 effectively lowers the surface tension of the liquid 

solvent in the bath to enhance solvent penetration into the 
dielectric layer that includes a porogen. 

Dissolution or desorption of the porogen creates voids 
in the interlayer dielectric to lower the dielectric 

25 constant of the dielectric material. As a result of 

dissolving or desorbing the porogen in a sonication bath, a 
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porous dielectric material is formed after metal 
interconnects are in place, so that the metal interconnects 
have smooth sidewalls. For example, dielectric material 
after sonication enhanced dissolution of porogens may have 
5 at least 50% porosity. 

In one embodiment, porogens in the dielectric material 
may be selected to have desorption temperatures at or above 
the maximum temperatures of dual damascene processes, i.e., 
above about 400 degrees C, and more preferably above^ about 

10 450 degrees C. Optionally, porogens that evaporate, 
dissolve, or desorb at higher temperatures (i.e., 600 
degrees C or higher) also may be used. Thus, pores may not 
be formed by thermal activation of porogens during 
processing steps at or below such temperatures. 

15 An appropriate solvent may be selected for a specified 

polymer porogen. For example, the polymers and appropriate 
solvents for use in various embodiments of the invention 
may be grouped generally as non-polar systems, slightly 
polar systems, or highly polar systems. The choice of 

20 system may depend on other processing constraints such as 
thermal budgets, or solvent compatibility with capping 
layers such as hard masks or etch stops. • - 

Examples of polymers that may be used in non-polar 
systems in several embodiments of the invention include but 

25 are not limited to the following: poly (ethylene) , 
poly (propylene) , poly (styrene) , poly (isobutylene) , 
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poly (propyl acrylate) , and poly (butadiene) . Examples of 
solvents that may be used in non-polar systems in 
embodiments of the invention include but are not limited to 
the following: benzene, toluene, mesitylene, ethyl 
5 acetate, and dioxane . 

Examples of polymers that may be used in slightly 
polar systems in several embodiments of the invention 
include but are not limited to the following: poly (vinyl 
acetate), poly (methyl methacrylate) , and poly (ethylene 

10 terepthalate) . Examples of solvents that may be used in 
slightly polar systems in embodiments of the invention 
include but are not limited to the following: acetone, 
cyclohexanone, tetrahydrof uran, methyl ethyl ketone, 
isopropanol, ethyl lactate, and propylene glycol monoethyl 

15 ether acetate (PGMEA) . 

Examples of polymers that may be used in highly polar 
systems in several embodiments of the invention include but 
are not limited to the following: poly(vinyl alcohol), 
poly (acrylonitrile) , poly (cyanome thy 1 acrylate) , 

20 poly (aminocaprylic acid), and poly (hexamethylene 

adipamide) . Examples of solvents that may be used in 
highly polar systems in embodiments of the invention 
include but are not limited to the following: ethanol, 
propylene carbonate, butyrolactone, ethylene glycol, 

2 5 dimethyl formamide, acetonitrile, and N-methylpyrrolidone 
(NMP) . 
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In a second embodiment of the invention, shown in FIG. 
2, a dielectric layer is formed on a substrate, and pores 
are formed in the dielectric by directing an electron beam 
at the material after metal interconnects are formed in or 
5 through openings in the dielectric layer. 

In block 201, a dielectric layer is formed on a 
substrate. The dielectric material may be a silicon 
dioxide such as a silsesquioxane-based material, or a 
carbon- doped oxide (CDO) having long chain carbon moieties 
10 attached to a CDO matrix or framework. 

In one embodiment, the dielectric material includes a 
porogen susceptible to electron beam fragmentation or 
degradation, having a thermal stability greater than about 
4 00 degrees C, and more preferably above about 4 50 degrees 
15 C. 

In one embodiment, the dielectric may be an oxide 
based matrix, with an organic polymer porogen that is 
susceptible to electron beam fragmentation. In another 
embodiment, the porogen may be an electron beam photoresist 

2 0 material based on styrene, butene, or acrylate chemistry in 
a cross-linked aromatic polymer. For example, poly (methyl 
methacrylate (PMMA) may be included in a cross-linked 
aromatic polymer to produce a thermally stable material 
that is susceptible to electron beam fragmentation. These 

25 are examples of thermally stable materials that may be used 



as porogens that are susceptible to electron beam 
degradation or fragmentation. 

In block 2 02, one or more openings are formed in the 
dielectric material by dual damascene, single damascene, or 
5 similar processes. The openings may be patterned using 
photolithography processes. 

In block 203, metal interconnects may be formed in the 
openings in or through the dielectric layer. Forming metal 
interconnects also may include related chemical mechanical 

10 polishing (CMP) or planarizing steps. 

In block 204, an electron beam is directed at the 
dielectric layer to create pores in the material. In one 
embodiment, a flood electron beam may be directed at the 
dielectric layer, exposing most or all of the substrate at 

15 once. Optionally, the electron beam may be targeted to 
treat the dielectric layer at a specified depth. In 
another embodiment, a thin electron beam may be scanned 
across the substrate or dielectric surface. 

As a result of directing the electron beam at the 

20 dielectric material, porogens in the dielectric layer may 
fragment, degrade, and/or decompose. The dielectric layer 
may contain porogens that fragment, degrade and/or 
decompose at relatively low energies to form volatile 
species, which may be removed from the material. 

25 For example, in one embodiment, CDO dielectric 

material may undergo carbon depletion during treatment with 
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an electron beam. When so treated with an electron beam, 
larger carbon chains may produce larger pores and a higher 
degree of porosity, resulting in a lower dielectric 
constant (k) . 

5 In one embodiment, the dielectric . layer also may be 

heated after the electron beam is directed at the 
substrate. For example, the porogen or pore-generating 
material may fragment into components that are volatile at 
lower temperatures, i.e., below about 250 degrees C. The 

10 volatile fragments may be removed by heating. 

The electron beam directed at the dielectric layer can 
achieve significant porosity, for example, at least 50% 
porosity, resulting in a dielectric layer having a low 
dielectric constant, for example, below about 3.0. If the 

15 electron beam is applied after metal interconnects are 

formed in the dielectric layer, the side walls of the metal 
interconnects may be smooth instead of rough. 
Additionally, the dielectric layer may have high structural 
integrity sufficient to support additional layers above it. 

20 FIGS. 3A-3D illustrate cross-sections of a device that 

may be made using a method according to a second embodiment 
of the invention. That device includes a substrate 301 
upon which is formed a conductive layer 302. Conductive 
layer 302 is covered by barrier layer 303, which in turn is 

25 covered by dielectric layer 304 containing porogens . 



Substrate 3 01 may be any surface, generated when 
making an integrated circuit, upon which a conductive layer 
may be formed. Substrate 3 01 thus may include, for 
example, active and passive devices that are formed on a 
5 silicon wafer such as transistors, capacitors, resistors, 
diffused junctions, gate electrodes, local interconnects, 
etc. Substrate 301 also may include insulating materials 
(e.g., silicon dioxide, either undoped or doped with 
phosphorus (PSG) or boron and phosphorus (BPSG) ; silicon 

10 nitride; silicon oxynitride; or a polymer) that separate 
such active and passive devices from the conductive layer 
or layers that are formed on top of them, and may include 
previously formed conductive layers. 

Conductive layer 302 may be made from materials 

15 conventionally used to form conductive layers for 

integrated circuits. For example, conductive layer 302 may 
be made from copper, a copper alloy, aluminum or an 
aluminum alloy, such as an aluminum/copper alloy. 
Alternatively, conductive layer 3 02 may be made from doped 

20 polysilicon or a silicide, e.g., a silicide comprising 
tungsten, titanium, nickel or cobalt. 

Conductive layer 3 02 may include a number of separate 
layers. For example, conductive layer 302 may comprise a 
primary conductor made from an aluminum/copper alloy that 

25 is sandwiched between a relatively thin titanium layer 

located below it and a titanium, titanium nitride double 
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layer located above it. Alternatively, conductive layer 
3 02 may comprise a copper layer formed on underlying 
barrier and seed layers. 

Although a few examples of the types of materials that 
5 may form conductive layer 3 02 have been identified here, 
conductive layer 3 02 may be formed from various other 
materials that can serve to conduct electricity within an 
integrated circuit. Although copper is preferred, the use 
of any other conducting material, which may be used to make 

10 an integrated circuit, falls within the spirit and scope of 
the present invention. 

As shown in FIG. 3A, barrier layer 3 03 covers 
conductive layer 302. Barrier layer 303 may inhibit 
diffusion into dielectric layer 304 of copper or other 

15 elements that may be included in conductive layer 302. In 
addition, barrier layer 303 may perform an etch stop 
function - a function which may be particularly desirable 
if an opening etched through the overlying dielectric layer 
is unlanded. Barrier layer 303 preferably comprises 

20 silicon nitride or silicon carbide, but may be made of 

other materials that can inhibit diffusion from conductive 
layer 302 into dielectric layer 304 and provide high 
selectivity to etch chemistry used to etch a layer, or 
layers, formed on top of barrier layer 303. Other 

25 materials that may provide such properties include titanium 
nitride and oxynitride. 



Barrier layer 3 03 should be thick enough to perform 
such functions, but not so thick that it adversely impacts 
the overall dielectric characteristics resulting from the 
combination of barrier layer 303 and dielectric layer 304. 
5 To balance these two factors, the thickness of barrier 

layer 303 preferably should be less than about 10% of the 
thickness of dielectric layer 304. 

Dielectric layer 304 may be a spin-on glass (SOG) 
dielectric material such as methylsilsesquioxane (MSSQ) , 

10 hydrosilsesquioxane (HSSQ) , or other Si0 2 -based matrix. 

Alternatively, the dielectric layer may be a polymer-based 
material. Or the dielectric layer also may be deposited by 
chemical vapor deposition (CVD) or plasma enhanced chemical 
vapor deposition (PECVD) . In one embodiment, the 

15 dielectric may be a carbon-doped oxide (CDO) having long 
chain carbon moieties attached to a CDO matrix or 
framework. 

As shown in FIG. 3A, a porogen is embedded in the 
interlayer dielectric. The porogen may have thermal 

20 stability greater than about 400 degrees C, and more 
preferably greater than about 450 degrees C. In one 
embodiment, the porogen may be a polymer that is mixed with 
the dielectric material . Various polymers may be used as 
porogens in accordance with the present invention. In one 

25 embodiment, the polymer porogen may be susceptible to 

electron beam fragmentation. In another embodiment, the 



porogen may be an electron beam photoresist material based 
on styrene, butene, or acrylate chemistry in a cross-linked 
aromatic polymer. 

As shown in FIG. 3B, one or more openings 3 05, 306 are 
5 formed in the dielectric material using dual damascene, 
single damascene, or similar processes. The openings may 
be trenches and/or vias patterned using photolithography 
processes, with dielectric material removed by etching. 
In FIG. 3C, metal interconnect 307 is formed in an 

10 opening in the dielectric layer. Forming the metal 

interconnect also may include related chemical mechanical 
polishing (CMP) or planarizing steps. After the metal 
interconnect is formed, as shown in FIG. 3C, electron beam 
source 311 directs electron beam 310 at the dielectric 

15 layer to form pores in the material. The electron beam 

source may provide a flood electron beam or a thin electron 
beam. 

As shown in FIG. 3D, the resulting structure includes 
dielectric material having pores 308. The material may be 
20 at least 50% porous, resulting in a low dielectric 

constant. The metal interconnects have smooth sidewalls, 
and the dielectric layer has high structural integrity 
sufficient to support additional layers above it. 

In one embodiment, the dielectric layer also may be 
25 heated before or after the electron beam is directed at the 
substrate. For example, the porogen or pore-generating 
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material may fragment into components that are volatile at 
lower temperatures, i.e., below about 250 degrees C. The 
volatile fragments may be removed by heating. 

FIG. 4 is a schematic representation of the first 
5 embodiment in which pores are formed in dielectric layer on 
a substrate by dissolving and/or desorbing a porogen in a 
solvent enhanced by sonication. Before treating the 
dielectric layer with a solvent enhanced by sonication, a 
dielectric layer is formed on the substrate, an opening is 

10 formed in the dielectric layer, and metal interconnects may 
be formed in the opening. 

After the metal interconnects are formed in the 
dielectric layer, according to this embodiment, substrate 
400 is immersed in liquid solvent 401 in sonication bath 

15 402. An appropriate solvent may be selected for a 

specified polymer porogen. An example of a source of 
sonication energy is transducer 4 03 connected to the 
sonication bath. The sonication energy may be in a 
frequency range from about 10 Kilohertz to about 2 000 

2 0 Kilohertz, with power in the range of about 1 watt /cm 2 to 
about 10 watts/cm 2 . The sonication energy effectively 
lowers the surface tension of the liquid solvent in the 
bath to enhance the solvent penetration into the dielectric 
layer. 

25 Dissolution of the porogen creates a dielectric layer 

having voids or pores. Sonication enhanced dissolution of 



15 



the porogen may occur after formation of metal 
interconnects by dual damascene, single damascene or 
similar processes. As a result, the sidewalls of the metal 
interconnects are smooth. 

While the present invention has been described with 
respect to a limited number of embodiments, those skilled 
in the art will appreciate numerous modifications and 
variations therefrom. It is intended that the appended 
claims cover all such modifications and variations as fall 
within the true spirit and scope of this present invention. 
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